Although most cervical human papillomavirus type 16 (HPV16) infections become undetectable within 1-2 years, persistent HPV16 causes half of all cervical cancers. We used a novel HPV wholegenome sequencing technique to evaluate an exceptionally large collection of 5,570 HPV16-infected case-control samples to determine whether viral genetic variation influences risk of cervical precancer and cancer. We observed thousands of unique HPV16 genomes; very few women shared the identical HPV16 sequence, which should stimulate a careful re-evaluation of the clinical implications of HPV mutation rates, transmission, clearance, and persistence. In case-control analyses, HPV16 in the controls had significantly more amino acid changing variants throughout the genome. Strikingly, E7 was devoid of variants in precancers/cancers compared to higher levels in the controls; we confirmed this in cancers from around the world. Strict conservation of the 98 amino acids of E7, which disrupts Rb function, is critical for HPV16 carcinogenesis, presenting a highly specific target for etiologic and therapeutic research.
SUMMARY
Although most cervical human papillomavirus type 16 (HPV16) infections become undetectable within 1-2 years, persistent HPV16 causes half of all cervical cancers. We used a novel HPV wholegenome sequencing technique to evaluate an exceptionally large collection of 5,570 HPV16-infected case-control samples to determine whether viral genetic variation influences risk of cervical precancer and cancer. We observed thousands of unique HPV16 genomes; very few women shared the identical HPV16 sequence, which should stimulate a careful re-evaluation of the clinical implications of HPV mutation rates, transmission, clearance, and persistence. In case-control analyses, HPV16 in the controls had significantly more amino acid changing variants throughout the genome. Strikingly, E7 was devoid of variants in precancers/cancers compared to higher levels in the controls; we confirmed this in cancers from around the world. Strict conservation of the 98 amino acids of E7, which disrupts Rb function, is critical for HPV16 carcinogenesis, presenting a highly specific target for etiologic and therapeutic research.
INTRODUCTION
A persistent infection with one of a dozen high-risk human papillomaviruses (HR-HPV) is the cause of virtually all cases of cervical cancer and its precursors (Schiffman et al., 2016a) . More than half a million women are diagnosed with cervical cancer and more than 200,000 deaths occur each year (Fitzmaurice et al., 2015) . However, most cervical HR-HPV infections are benign and resolve (become undetectable) spontaneously (Ho et al., 1998) . Only a small fraction (<5%) of women infected with one of the HR-HPV types will, in fact, develop cervical precancer (cervical intraepithelial neoplasia grade 3 [CIN3] or adenocarcinoma in situ [AIS] ) , and only the minority of precancerous lesions will invade (McCredie et al., 2008) . Host and viral factors clearly influence risk of progression of infected cells to precancer and invasive cancer (Kulasingam et al., 2002; Schiffman et al., 2007) . Given the small size and relative simplicity of the HPV genome (double-stranded DNA genome of $8,000 bp encoding 8 genes) and advances in HPV whole-genome sequencing (Cullen et al., 2015) , it is now technically feasible to search comprehensively for viral genetic variation linked strongly to risk of cancer, thereby providing new clues into viral carcinogenic mechanisms.
It is already well established that although all the HR-HPV types are genetically related, they differ profoundly in prevalence, a measure of evolutionary fitness, and risk of causing precancer and cancer (Burk et al., 2013; Guan et al., 2012) . By definition, each type differs from all others genetically by at least 10% in the conserved L1 region coding for the major capsid protein (Bernard et al., 2010) . HPV genetic variation represents slow evolutionary drift; the HR-HPV types all belong to one phylogenetic clade within the Alpha genus (Schiffman et al., 2005) . Nonetheless, HPV type 16 (HPV16) is uniquely carcinogenic, accounting for half of all cervical cancer cases and even higher proportions of HPV-induced cancers at other sites (de Sanjose et al., 2010; Guan et al., 2012; Serrano et al., 2015; Taylor et al., 2016) . Nearly half of the small subset of women with HPV16 infections persisting for at least 2 years develop precancer within the subsequent 5 years (Kjaer et al., 2010), making this small virus one of the most powerful known carcinogenic exposures. The mechanisms underlying risk differences between the other HR types and the unique carcinogenicity of HPV16 are currently unknown, although some aspect of variation in the two major HPV oncogenes, E6 and E7, is suspected based on laboratory experiments (Harden et al., 2017; Moody and Laimins, 2010) .
HPV types including HPV16 are comprised, in turn, of phylogenetic variant lineage and sublineage evolutionary clades that differ from each other by $1%-9% of the 8,000 bp HPV genome (Burk et al., 2013) . HPV16 can be divided into four main variant lineages (A, B, C, D) and at least ten sublineages (A1, A2, A3, A4, B1, C1, D1, D2, D3, D4) (Burk et al., 2013) . Recently, we used high-throughput HPV16 whole-genome sequencing (Cullen et al., 2015) to conduct the largest case-control study to date of variant sublineage risk of precancer and cancer among 3,215 HPV16-infected women drawn from approximately a million screened women from northern California (Mirabello et al., 2016) . We observed that specific sublineages, A4, C, D2, and D3, had a significantly increased risk of precancer and cancer compared to the most common A1/A2 sublineages (Mirabello et al., 2016) . For example, D2 had the strongest risk of cancer, predominantly for glandular lesions (adenocarcinomas) with an odds ratio (OR) compared to A1/A2 of >100 (Mirabello et al., 2016) .
The current question is whether even finer variations demonstrate risk differences that could pinpoint molecular mechanisms. Using a novel whole-HPV-genome sequencing method (Cullen et al., 2015) , we are conducting HPV genetic studies to find specific genotype-phenotype associations that can be discerned by large epidemiologic studies to generate clues to HPV carcinogenicity. We address this question by focusing on HPV16 and by sequencing thousands of HPV16-infected specimens, ranging from benign infections to cancers. To our knowledge, there have been no previous large studies evaluating finer details of HPV genetic variation and carcinogenicity. Here, we sequenced whole-genomes of a total of 5,570 HPV16 specimens to evaluate genetic variants within HPV16 and determine the associations of HPV16 single nucleotide polymorphisms (SNPs) and risk of cervical precancer/cancer.
RESULTS
A summary of the study populations is shown in Table 1 . To evaluate HPV16 genome variability, we evaluated variation among cervical specimens from 3,215 HPV16-infected women (Mirabello et al., 2016) from California (PaP cohort) and paired multiple anatomical site HPV16 samples (from cervical scrape, vulvar swab, anal swab, and/or oral cavity rinse) from 58 women in Costa Rica (CVT). We utilized a case-control study design to evaluate agnostically the impact on carcinogenicity of each individual SNP and the rare variant distribution within an HPV16 lineage. We then confirmed the generalizability of the major genetic risk associations found by testing 688 HPV16-infected cervical cell specimens from CIN grade 2 or higher (CIN2 + ) cases from Oklahoma (SUCCEED) and a case series of 1,609 HPV16-infected cervical cell or tissue specimens from invasive (Table S1 ) (Mirabello et al., 2016) , 91.4% of the 58 women in CVT, 85.8% of the 688 women in the SUCCEED study, and 53.7% of 1,609 women in the internationally collected IARC study. We initially focused our analyses on variation occurring within the A1 and A2 sublineages, because these included the largest number of women and thus provided the most statistical power to detect an effect; we then evaluated if the significant SNPs and/or regions replicated across the other less common lineages (A3-A4, B1, C1-C4, D1-D4).
HPV16 Isolate Diversity between Women and within a Woman at Multiple Body Sites
Between women in the PaP cohort, we determined that 2,445 (76%) of the 3,215 HPV16 genome sequences evaluated were unique isolates (differing by R2 nucleotides); only 24% of the isolate genomes were shared between two or more women in this population (Table 2 ). This high isolate diversity was consistent across variant lineages (data not shown). To replicate and extend this finding, we compared cervical sample isolates between women and paired multiple-site sample isolates within women in the CVT study. Between these 58 women's cervical samples, we also found a high level of HPV16 isolate diversity, 84.5% of the viral isolates were unique (n = 49) ( Table 2) .
In contrast, the evaluation of 54 paired multiple-site samples from 52 women (two women had 3 sites sampled) showed that within a woman, the viral isolates were the same (shared) in 81.5% of paired samples (n = 44; Table 2 ). Of these shared isolates, 72.2% (n = 39) were exactly the same HPV16 genome sequence. There were five pairs that differed by one nucleotide. Paired cervical-anal, cervical-vulvar, and cervical-oral samples all showed this high level of HPV16 isolate sharing among the pairs within a woman.
This confirms that there is high HPV16 isolate diversity between women, but not within a woman at multiple body sites; and importantly, the paired sample analysis supports the notion that the high isolate diversity we observe is not due to sequencing errors because similar diversity was not seen within women.
SNP Associations with Precancer and Cancer
There were 1,985 total site-specific variable positions (SNPs), most were rare SNPs, and only 103 had a minor allele frequency (MAF) R1.0% within the HPV16 A1/A2 sublineages. 48 SNPs were associated with risk of CIN3 + (p < 0.05), and the minor alleles for the top ten SNPs with the smallest p values were associated with a reduced risk of CIN3 + ( Figure 1 ; Table S3 ). In particular, there were more nonsynonymous and nonsense variants in the controls. Strikingly, the E7 ORF had statistically significantly fewer nonsynonymous and nonsense variants in the cases compared to the controls (OR 0.16, p = 1.1 3 10
À7
). A large amount of the variation across the HPV16 genome was comprised of rare nucleotide variants, and controls had a much higher number of rare variants (2,574 rare variants versus 1,811 for CIN3 + ; beta of À0.13 per mutation, p = 6.5 3 10 À7 ). Therefore, we also conducted burden analyses focusing on rare variants (Table 4 ). Figure 2 illustrates the cumulative nonsynonymous and nonsense rare variant counts observed in the cases and controls; and, clearly shows that E7 has significantly fewer variants in the cases compared to the controls (OR 0.16, p = 1.1 3 10 À7 ; all E7 non-silent variants were rare). There were statistically significantly more nonsynonymous and nonsense rare variants also in the E1 (OR 0.64, p = 0.001) and L1 (OR 0.55, p = 7.9 3 10 À5 ) gene regions ( Figure 2 ; Table 4 ). The nonsynonymous/ nonsense rare variant differences appear to be spread fairly evenly throughout the L1 ORF for the cases and controls, however for E7 and E1 more rare variants occurred in the 3 0 portion of the gene ( Figure S1 ). On closer evaluation of E7 variants, there were a few invariant regions whereas, the majority of the variants observed in the controls occurred in the central or C terminus regions (Figure 3 ). We further determined that the majority of rare nonsynonymous/nonsense DNA changes observed within the E7 ORF (56.8%), particularly in the controls, matched an APOBEC3-associated motif (p < 0.01; Figure 3 ). Thus, these specific DNA changes are potentially due to the antiviral activity of human APOBEC3 (hA3) cytidine deaminases. The E7 protein is one of two main HPV oncoproteins (along with E6); however, in contrast, there were nearly equal numbers of nonsynonymous/nonsense rare variants within the E6 ORF in the controls and CIN3
+ cases ( Figure S2 ).
In the other HPV16 sublineages (A3-A4, B1, C1-C4, D1-D4), there were smaller numbers of controls to evaluate because these sublineages are very rare in this population and/or are more carcinogenic (A4, C1-C4, D2, D3) (Mirabello et al., 2016) . Nevertheless Logistic regression models were used to obtain the odds ratio and 95% confidence intervals for CIN3 + risk for each SNP minor allele using the controls as the referent group. The x axis indicates the viral genome nucleotide position; The y axis indicates the p-value. The vertical arrows indicate the most significant SNPs identified. SNPs are colored by gene region in the legend. URR, upstream regulatory region; E6, early gene 6; E7, early gene 7; E1, early gene 1; E2, early gene 2; E4, early gene 4; E5, early gene 5; L2, late gene 2; L1, late gene 1; NC, non-coding region. See also Table S2. we observed hypovariation in E7 in all of the CIN3+ cases (Table S4 ). In the SUCCEED study, there was also hypovariation in E7 in the cases, and the nonsynonymous/ nonsense variants decreased with severity of the lesion from CIN2 to CIN3 + , supporting the pattern seen in the PaP cohort (Table S4). E7 had the lowest number of rare nonsynonymous/nonsense variants in the CIN3 + cases (n = 1, 0.2%), and pairwise comparisons between each viral gene region indicated that the E7 gene was significantly less variable than all other HPV16 regions (each p < 0.01; data not shown).
Given the strong signal we observed within the E7 gene region, we additionally sequenced the HPV16 genomes from 1,609 cervical cancers cases collected internationally to evaluate the generalizability of reduced genetic variants within E7. We confirmed hypovariation at E7 in this set of cancers, with only 0.8% of cancers showing any rare variants within the E7 gene region (Table S4) . Further, pairwise comparisons of the genetic variants among all the viral gene regions within cancers determined that the E7 gene was significantly less variable than all other gene regions (each p < 0.001; Table S5 ). Importantly, compared to E6, E7 had significantly fewer, rare non-silent genetic variants in cancers (p = 6.1 3 10
À5
).
Nonsynonymous and Synonymous Sequence Divergence
We estimated the d N /d S ratios as a measure of nonsynonymous and synonymous sequence divergence to better understand the increased genetic variation we observed in the controls by viral ORF. In the PaP cohort, within all ORFs, d N < d S (Table S6) , which is evidence of widespread purifying selection and has been observed for nearly all viruses (Holmes, 2009) .
For all individuals, E7 was the most constrained ORF, having the smallest overall d N /d S ratio of 0.054 (Table S6) This suggests that the controls have substantially relaxed constraint in E7 compared to very high constraint in the cases. Both d N and d S were lower in the cases, but d N decreased by a factor of 6.5 and d S decreased by a factor of 1.2. Therefore, the lower d N /d S ratio in E7 in the cases is likely due to purifying selection against nonsynonymous changes (i.e., carcinogenicity depends on a highly conserved E7 protein). Interestingly, in contrast, E6 showed the highest overall d N /d S ratio near 1.0 in cases and controls, consistent with neutrality. In the IARC A1 cancers, patterns were consistent with the PaP cases. The E7 ORF had the smallest overall d N /d S ratio of 0.087 (i.e., high constraint) and E6 had the highest ratio of 1.12 (i.e., the least constraint).
DISCUSSION
This intensive whole-genome sequencing study of HPV16 and cervical cancer risk has increased the published number of full HPV16 sequences by an order of magnitude and revealed several fundamental discoveries. First, we have uncovered tremendous variability below the level of HPV16 variant lineages. HPV16 actually includes thousands of viral isolates (each a unique HPV16 genome). This suggests a paradigm shift from thinking of HPV16 as a single viral entity undergoing slow genetic drift to considering each HPV16 isolate to be a separate virus, with possibly different carcinogenic potential, which will necessarily lead to a re-interpretation of HPV natural history and carcinogenesis. For example, re-appearance of HPV16 after initial clearance can now be subdivided into (1) a new infection with different isolate(s) versus (2) possible loss of immunologic control of a single variant. We have previously related variation within a HPV16 variant lineage to carcinogenic ''strength.'' Realizing that HPV16 is one of the most important human carcinogens, conferring much greater risks of precancer and cancer over many years compared to other high-risk HPV types, understanding the mechanism of HPV16's unique carcinogenicity would be useful for etiologists, prevention researchers and designers of individualized therapy.
We have found that HPV16's unique risk might be due in part to a particular structure of the E7 protein; specifically, we report here the results of a very large whole-genome study of HPV16, which identified E7 conservation significantly associated with cervical carcinogenesis. The agnostic SNP analyses and rare variant burden tests indicate that HPV16 isolates within controls have a significantly increased burden of genetic variants compared with the precancer and cancer cases. But, most importantly, we have determined that there is a much higher rate of rare nucleotide variation within E7 in the infections that did not progress to precancer/cancer during our multi-year period of observation (median follow-up time = 4.3 years; data not shown).
We observed that the HPV16 E7 protein leading to cervical cancer is virtually invariant. In general, E7 has several cellular targets but its inhibition of RB1 seems most important for transformation, and during progression to precancer, E7 becomes overexpressed (Roman and Munger, 2013) . Previous studies had shown that the HPV16 E7 gene is generally conserved (Eschle et al., 1992; Roman and Munger, 2013; Safaeian et al., 2010; Song et al., 1997) . Further, HPV16 E7 has been suggested in a very small study to be more hypovariable than HPV31 E7 and HPV73 E7, and this was thought to be a possible clue to HPV16's greater carcinogenicity (Safaeian et al., 2010) . Our findings strongly corroborate the earlier report of E7 hypovariability, and we further show that in a large case-control analysis E7 is less constrained in benign infections, and genetic variation in E7 reduces HPV16 carcinogenicity. Furthermore, analysis of cervical cancer cases from around the world indicates that E7 hypovariation is consistent in different geographic locations and racial groups and suggests, in summary, that E7 variation greatly decreases the risk of invasive cancer.
The genetic variants that do occur in HPV16, particularly in the controls, may be induced at least in part by the antiviral activity of human APOBEC3 (hA3) cytidine deaminases (removes an amino group from cytosine, leading to a C-to-T base change at specific motifs) (Mangeat et al., 2003) . It has been shown that hA3A-mediated cytidine deaminase activity induces HPV16 mutations (Vartanian et al., 2008) and can inhibit HPV infectivity (Warren et al., 2015) . The latter paper further suggested that these induced mutations, if not lethal, may also be responsible for the longterm accumulation of genomic changes that contribute to HPV-associated cancers (Warren et al., 2015) . We have determined that a large portion of the non-silent variants we observed specifically in E7 were consistent with APOBEC3-induced mutations. It is possible that a significant portion of the genetic variations across the HPV genome can be explained by APOBEC3-induced mutations, a hypothesis we are now pursuing. The control HPV16 genomes with greater variation were from benign HPV16 infections presumed to be sampled during the productive, virion-producing, stage of the viral life cycle (Doorbar, 2005; Doorbar et al., 2012) . To evaluate whether the greater variation we are observing in these genomes is related to variation produced during a productive infection and viral genome amplification, we evaluated the rare variants among controls stratified by cytology results. HPV16-infected women with normal (NILM) cytology had significantly more variation than those with cytomorphologic manifestations of an HPV infection (LSIL, p = 0.01). Those with equivocal cytologic changes (ASC-US) had intermediate levels. This does not suggest that variability is introduced by high levels of viral replication; on the contrary, variability might be associated with decreased fitness. However, a longitudinal series of samples from women with HPV16 infections would allow a more accurate estimation of HPV16 variation accumulating within a woman over time and would also allow a more precise estimate of the HPV16 mutation rate.
The limited repertoire of E7 proteins has features of purifying selection. As an interesting contrast with E7, the other oncogene, E6, was the most unconstrained ORF in the viral genome in both A1/A2 cases and controls. In cancers, E6 was even less constrained, with a d N /d S ratio over 1, suggesting an excess of nonsilent variants in this region. It is unknown why there would be a relaxation of purifying selection against the accumulation of mutations in this important oncogene, while E7 is the opposite. It is possible that there could be positive selection for immune escape in certain E6 regions or APOBEC3-induced mutations that balances out the background tendency toward purifying selection.
Earlier studies have shown that transgenic mice that express E6 and E7 from HPV16 develop cancer (Lambert et al., 1993) . HPV16 E6 was shown to have a modest transforming function dependent on its interaction with PDZ domain partners and inactivation of p53 (reviewed in Vande Pol and Klingelhutz, 2013), and it was HPV16 E7 that was the more potent driver for cervical cancer (Jabbar et al., 2009 (Jabbar et al., , 2012 Riley et al., 2003; Roman and Munger, 2013) . This was more recently supported by the observation that more HPV16 E7 was required to sustain a malignant phenotype compared to E6 in an extensive characterization of primary cervical cancer HPV transcripts (The Cancer Genome Atlas Research, 2017). HPV16 E7 is also critical in earlier phases of the viral life cycle, particularly for genome amplification when the episomal DNA of the virus is undergoing replication (Doorbar, 2005; Doorbar et al., 2012) . It has been directly shown that the E7 protein is required for viral replication in human keratinocytes (Flores et al., 2000) .
Because the crystal structure of the ternary complex of HPV16 E6, E6AP (the cellular ubiquitin ligase), and p53 has been solved, it is possible to speculate on the contributions of particular residues of E6 ( Figure S2 ) to p53 degradation (Martinez-Zapien et al., 2016) . The E6 protein must bind first to the leucine-rich LxxLL motif of E6AP, this interaction exposes a structured p53-binding cleft on E6 allowing it to interact and target p53 for degradation; none of the E6 residues with a pivotal role in the E6-E6AP complex formation show variants predicted to influence the E6 protein phenotype leading to decreased biological activity. The amino acid changes at R15Q, R17I, P20L, Q21H, and Q21E likely render E6 unable to support p53 binding and degradation (Cooper et al., 2003; Liu et al., 1999; Martinez-Zapien et al., 2016; Zanier et al., 2013) , and except for the single R15Q change in a CIN3, these variations occurred in controls (n = 8). D51 and F54 are highly conserved positions in high-risk HPV E6 proteins and establish critical contacts to p53, here a D51N was observed in two controls and a CIN3 and F54S in a control, which could disrupt p53 degradation for these E6 variants. Residues from L107 to K122 in the carboxy-terminal zinc-binding domain of E6 are highly conserved in low-and high-risk HPV E6 proteins, this region shows minimal non-synonymous variation with only one control with a L107S change in this region. The amino acid changes at D11N, K18T, I59V, and between residues H31 and E36 were observed in multiple cases and controls and likely do not impair the binding and p53 degradation activities of E6 (Cooper et al., 2003; Dalal et al., 1996; Martinez-Zapien et al., 2016; Zanier et al., 2013) . Thus, based on review of the predicted impact of variants found in isolates from cases and controls on the structure and function of the E6 protein, we did not identify a clear pattern explaining the amino acid changes in cases or controls.
We also saw a significant increase in rare variants in L1 and E1 in the controls. The L1 protein is the major component of the HPV16 capsid. L1 is expressed in the upper differentiated layers of the epithelium during productive infection after genome amplification and it participates in packaging of the amplified viral genomes (Doorbar, 2005; Doorbar et al., 2012) . E1 is an ATPdependent DNA helicase that is critical for replication and amplification of the viral episome in infected cells, particularly during the initial phase of viral genome amplification (Bergvall et al., 2013; Egawa et al., 2012; Kim and Lambert, 2002) . Interestingly, both E7 and E1 are essential mediators of viral genome amplification (Doorbar, 2005; Doorbar et al., 2012) . Perhaps maintenance of these functions not for viral replication, but incidentally Table 4 . The outermost ring illustrates the cumulative rare variant counts by viral gene region. The density of the variants and the variant increase across each region are represented by the slope of the line for the cases and controls. URR, upstream regulatory region; E6, early gene 6; E7, early gene 7; E1, early gene 1; E2, early gene 2; E4, early gene 4; E5, early gene 5; L2, late gene 2; L1, late gene 1. See also Figure S1 and Tables S3 and S4-S6. driving host cell DNA replication in cells headed toward quiescence is a mechanism involved in mutation and selection of cervical epithelial cells advancing toward cancer. Interestingly, E1 has been considered one of the most highly conserved proteins encoded by papillomaviruses infecting different animal species, reflecting its essential role in the life cycle (Bergvall et al., 2013) . Here, we did observe constraint in E1, slightly more in the cases; however, it was not the most constrained ORF. It is unclear how the rare variation we observe in these regions may affect HPV16 carcinogenicity.
In our sequence divergence analyses, we additionally observed that overall the E2 ORF exhibited little constraint while the overlapping E4 ORF showed strong constraint. The hinge region of E2 contains both CD4 + T and B cell epitopes that overlap a portion of E4 (Dillner, 1990; Lehtinen et al., 1995) , and this region has been previously shown to exhibit simultaneous positive selection in E2 and purifying selection in E4 (Hughes and Hughes, 2005; Narechania et al., 2005) . This is consistent with our observation of elevated d N in E2 concurrent with elevated d S in E4, which may reflect selection of nonsynonymous changes in E2 that are disproportionately synonymous in the overlapping E4. Therefore, changes observed in E2 can at least in part be explained by positive selection for immune escape acting on epitopes which overlap portions of E4.
The paired samples within a woman at multiple body sites showed that there is limited HPV16 isolate diversity within a woman. This also supports the robustness and reproducibility of our sequencing assay. There were a smaller number of pairs that only differed from each other by 1 to 2 nucleotides, and although we cannot rule out sequencing error, more interestingly, this could be evidence of within-host viral evolution, especially considering the large number of unique isolates observed between women. We are planning a more detailed longitudinal analysis to explore the possibility of within-host viral mutations. Given the high level of diversity we identified in HPV16 isolates, we can now use unique HPV isolates as an endpoint in epidemiologic studies to re-evaluate previous ideas of transmission, sexual networks, persistence, clearance, and reappearance in longitudinal studies.
In conclusion, our findings suggest that within-lineage hypovariation in specific regions of the viral genome is important for HPV16 carcinogenicity. It will be important to follow-up our E7 findings, and the other implicated regions, in subsequent studies to characterize genetic variation in these regions in more depth. A priority should be to conduct functional studies to understand how the particular E7 genetic sequence apparently common to virtually all cervical cancers caused by HPV16 worldwide is linked to this type's unique carcinogenicity and might be an appropriate target for therapeutic intervention.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study populations
PaP cohort
The cases and controls for the large discovery phase of our study were chosen from the Kaiser Permanente Northern California (KPNC)-NCI HPV Persistence and Progression (PaP) cohort study (Mirabello et al., 2016) . This study population has been previously described (Schiffman et al., , 2016b . Briefly, KPNC is a very large integrated health care system. The PaP cohort includes approximately 55,000 women out of approximately 1 million who underwent routine cervical cancer screening using Hybrid Capture 2 (HC2) (QIAGEN, Germantown, MD) and cytology between January 2007 and January 2011. Participants could opt-out of having their residual cervical specimens retained, which are normally discarded. We obtained coded information on subsequent cervical cancer screening test results and histology results from women in the cohort from electronic health records. All personal identifying information was kept strictly at KPNC.
The specimen storage was focused on women found to be HPV-positive by HC2 ; the collection includes more than three-quarters of HC2-positive women during the enrollment time period. Only 8% of women with collected specimens opted out from having their specimen banked and tested for HPV-related biomarkers including HPV genotypes. Our study included 3,579 exfoliated cervical cell specimens known to contain HPV16 DNA (Castle et al., 2011) , including 1,032 women diagnosed with CIN2, 1,079 CIN3 and 71 squamous cell carcinoma (SCC) cases; 91 adenocarcinoma in situ (AIS) and 41 adenocarcinoma; and 1,265 women with < CIN2 in followup through 2013. The cases were diagnosed at baseline or during the study follow-up period after the baseline specimens were collected. The controls were defined as women having baseline specimens with HPV16 DNA and no histologic evidence of equivocal REAGENT precancer or worse (CIN2+) during the follow-up study period according to the coded data obtained from electronic health records. Women included in our study population were followed for a median of 4.3 years (interquartile range = 3.4 years; range = 7.8 years). Women were censored if they received treatment for a CIN2+ lesion, or until the last documented follow-up cytology or histology. The study protocol was reviewed and approved yearly by Kaiser Permanente and the National Cancer Institute Institutional Review Boards. CVT Sixty-one women with paired (N = 56) or triplet (N = 5) multiple-site HPV16-positive infections from the control arm of the Costa Rica Vaccine Trial (CVT) were evaluated for viral isolate diversity within a woman at multiple anatomical sites and between the women at the cervix. All women chosen had HPV16 at the cervix and also at the anus, vulva, and/or oral region, including 49 cervical-anal, 13 cervical-vulvar and 4 cervical-oral pairs (127 total specimens).
CVT is a NCI-sponsored community-based, double-blind, randomized clinical trial of CervarixÔ(GlaxoSmithKline Biologicals, Rixensart, Belgium) in Guanacaste, Costa Rica. This study was a nested analysis within the previously reported CVT (clinical trials registration NCT00128661). Written informed consent was obtained from all participants in CVT. Institutional review board approval was obtained at both the NCI and in Costa Rica. CVT study design and main outcomes have been previously described (Herrero et al., , 2011 Hildesheim et al., 2014) . The study enrolled female residents initially aged 18-25 years living in Guanacaste and Puntarenas, Costa Rica, with community-based census recruitment occurring during 2004-2005. At the 4-year study visit (when women were 22 to 29 years), all women were asked to provide oral rinse samples and sexually-experienced women were asked to provide a vulvar swab, cervical sample and anal swab specimens, which were collected by study clinicians. The anal specimen was collected prior to the pelvic exam among sexually active women (defined by a history of vaginal intercourse) using a dry swab . A vulvar sample was then collected by swabbing the mucosal surface of the labia minora (using a single Dacron swab), and cervical cells were obtained using a Cervex-Brush (Rovers Medical Devices, Oss, the Netherlands) (Herrero et al., 2011) . The oral rinse specimen was collected by use of a 30 s oral rinse and gargle with 15mL of Scope mouthwash (Procter and Gamble Company, Cincinnati, OH) (Herrero et al., 2013) . SUCCEED To confirm the findings from the PaP Cohort, we studied a set of HPV16-positive women from the Study to Understand Cervical Cancer Early Endpoints and Determinants (SUCCEED). The details of the study design and specimen collection have been previously described (Wang et al., 2009; Wentzensen et al., 2009a Wentzensen et al., , 2009b . Briefly, a total of 1,899 women were enrolled into SUCCEED between November 2003 and September 2007. We recruited women that were referred to colposcopy or treatment at the University of Oklahoma Dysplasia Clinic based at the University of Oklahoma Health Sciences Centre (OUHSC), with a recent abnormal Pap smear diagnosis or a biopsy diagnosis of CIN/cancer. Women were excluded if they were less than 18 years of age, pregnant at the time of their visit, previously treated with chemotherapy or radiation for any cancer, or scheduled for vaginal colposcopy. Here, we included all CIN2+ exfoliated cervical cell specimens previously found to contain HPV16 DNA, including 716 women: 252 women diagnosed with CIN2, 316 CIN3 and 116 SCC cases; 12 AIS and 20 adenocarcinoma. Written informed consent was obtained from all women enrolled in the study and Institutional Review Board approval was provided by OUHSC and the US National Cancer Institute. IARC 1,701 additional HPV16-positive cervical cell or tissue (frozen biopsy or formalin-fixed paraffin-embedded [FFPE] ) specimens from cervical cancer cases were studied to assess the worldwide generalizability of our main finding, from the biobank at IARC. These samples were part of the IARC-coordinated cervical cancer case series, cervical cancer case-control studies and population-based HPV prevalence surveys from 39 countries worldwide (Bosch et al., 1995; Clifford et al., 2005; Cornet et al., 2012; Crosbie et al., 2013; Muñ oz et al., 2003) . Both local and IARC ethical committees approved all studies. We sequenced all HPV16-positive histologically confirmed cervical cancers with adequate DNA left in the IARC biobank.
METHOD DETAILS
HPV16 detection and DNA isolation PaP cohort DNA was extracted from the banked STM specimens as previously described (Burk et al., 1996) . Typing methods varied for different subsets of the cohort. To test many of the enrollment PaP samples, the Burk laboratory (Bronx, NY) used MY09/M11 L1 degenerate primer PCR (MY09/11 PCR) and type-specific dot-blot hybridization methods (Burk et al., 1996; Castle et al., 2002) . Another large group of enrollment specimens was tested using the Linear Array â HPV Genotyping System (Roche Molecular Diagnostics, Pleasanton, CA). A third group of specimens was typed by BD using Onclarity (BD, Sparks, MD). CVT DNA was extracted from the cervical, oral, and anal samples using the MagNAPure LC DNA isolation procedure (Roche Diagnostics, Indianapolis, IN) . DNA specimens were then tested for 25 HPV DNA types utilizing the SPF10 PCR-DEIA (DNA enzyme immunoassay)-LiPA25 version 1 method (Labo Biomedical Products, Rijswijk, the Netherlands) (Kleter et al., 1998 (Kleter et al., , 1999 . To increase the sensitivity of HPV16/18 detection, all positive cervical, anal and vulvar specimens on SPF10 PCR/DEIA that were negative for HPV16 or HPV18 by LiPA25 were also tested using HPV16 and 18 type-specific primers; all oral samples were tested using HPV16 and 18 type-specific primers (van Doorn et al., 2006).
SUCCEED
Details of DNA isolation and HPV detection have been previously described (Dunn et al., 2007; Wentzensen et al., 2009a) . Briefly, DNA was isolated from 1 mL aliquots of PreservCyt-fixed cells using the QIAamp DNA Blood Mini Kit (QIAGEN) following a rinse in Hanks' Balanced Salt Solution (HBSS). The Linear Array â HPV Genotyping System (Roche Molecular Diagnostics) was used to detect HPV genotypes. Hybridization of PCR products to linear arrays and subsequent signal detection were performed using the Auto-LiPA automated staining system (Innogenetics N.V., Belgium). Hybridization to both b-globin probes was required to report genotyping results. A hybridization signal was called ''positive'' when an unambiguous, continuous band was observed on the array. IARC DNA was extracted from frozen biopsy specimens, cervical cells, or FFPE at IARC, as previously described (Cornet et al., 2012) . Samples were genotyped for 37 HPV types using a GP5+/6+based PCR system (Jacobs et al., 2000) in one centralized laboratory (Department of Molecular Pathology, Vrije University, Amsterdam, the Netherlands).
Ion Torrent library preparation and sequencing
We used a custom Thermo Fisher Ion Torrent AmpliSeq HPV16 panel approach to amplify the entire 7906 bp HPV16 genome (Cullen et al., 2015) . The next-generation sequencing (NGS) assay used the Thermo Fisher Life Sciences' Ion Torrent Proton and a custom HPV16 Ion Ampliseq panel of 47 multiplexed primer sets. Custom overlapping degenerate primers were designed to cover the entire viral genomes for all HPV16 variant lineages. After amplification, an Ion Torrent adaptor-ligated library was generated following the manufacturer's Ion AmpliSeq Library Preparation kit 2.0-96LV protocol with slight modifications (Life Technologies, Part #4480441). Raw sequencing reads were quality and adaptor trimmed using the Torrent Suite Software and aligned to the HPV16 reference sequence (7906bp) from GenBank (NC_001526.4) using the Torrent Mapping Alignment Program v5.0.13. BAM files were left-aligned using the GATK LeftAlignIndels module v.3.3 (McKenna et al., 2010) . SNP calls were made using the Torrent Variant Caller v.5.0.3, and variants were annotated with HPV gene/region using snpEff v.3.6c (Cingolani et al., 2012) . Pipeline settings and parameters can be found at https://github.com/cgrlab/cgrHPV16.
QUANTIFICATION AND STATISTICAL ANALYSIS
HPV16 variant lineage classification HPV16 variant lineage assignment was based on the maximum likelihood (ML) tree topology constructed using RAxML MPI v7.2.8.27 (Stamatakis, 2006) that included sixteen HPV16 A, B, C, and D variant lineage reference sequences. In case of multiple HPV16 lineages present in a specimen (coinfection with multiple isolates of HPV16 was observed in more than 20% of HPV16-infected women), a 'predominant' variant lineage was assigned if there was a low level coinfection. The predominant lineage variable sites were called based on presence in at least 60% of the sequence reads to avoid calling variants from multiple HPV16 genomes; therefore, variable sites are presumed from a single 'predominant' genome. Women without a clear 'predominant' HPV16 isolate, i.e., with equal levels of multiple isolates that preclude identification of a predominant genome, were excluded from the analysis. We previously showed that dichotomized dot blot low viral load (PCR signal strength index of 1-3, compared to high PCR signal strength index of 4-5) was directly correlated with sequence completion rates (Cullen et al., 2015) , thus samples with a low viral load had fewer reads. Here, we excluded the samples with overall poor coverage across the genome (< 2000 total reads per sample or < 2000 nucleotide positions callable), and individual nucleotide sites per sample with low reads (< 5). A total of 364 PaP cohort specimens (10.2%) were removed from the discovery stage due to poor read depth (Cullen et al., 2015) , poor or spotty coverage across the genome, within-HPV16 coinfection for which a predominant lineage could not be assigned, or inability to assign lineage. 12 specimens were similarly excluded from the CVT dataset (9.4%), 28 specimens were excluded from the SUCCEED dataset (3.9%), and 92 from the IARC dataset (5.4%). 95.1% of all samples included in the study had at least 10x coverage across each viral gene region (99% of samples had at least 10x coverage of E7), with a median of 3,120 reads per gene and sample 695 ). We used this stringent quality control threshold to minimize sequencing errors in the dataset.
Statistical analyses
We first evaluated HPV16 genome diversity by estimating the number of variable positions and annotation by gene region. We used hierarchical pairwise comparisons of all the PaP HPV16 genome sequences to determine the number of shared and unique HPV16 sequences present in each population. A unique HPV16 'isolate' was defined as differing by 2 or more nucleotide positions (to minimize potential error) from all other sequences. Missing sequence data at a variable position was ignored for pairwise comparison, which could result in underestimation of the true number of unique HPV16 sequences. For the paired analysis, all pairs were additionally examined manually to verify homogeneity or number of differences using the Integrative Genomics Viewer (IGV) (Robinson et al., 2011) . Sample pairs that were R 2bp different at the nucleotide level were determined to be different or unique viruses.
We evaluated the association of all individual single nucleotide polymorphisms (SNP) with risk of precancer/cancer. Squamous and glandular lesions were combined for analysis of precancer and cancer cases. We assessed each SNP occurring in each lineage and/or sublineage for those lineages with enough numbers (> 100 case and control specimens) to analyze individually (A1, A2, D), and for A1/A2 combined and all non-A1/A2 sublineages combined. A logistic regression model was used to obtain the odds ratio (OR) and 95% confidence intervals (CI) for precancer/cancer risk for each SNP using the controls (i.e., women with HPV16 and < CIN2) as the referent group. We chose CIN3/AIS as the histopathologic definition of precancer; we opted not to include as precancer less severe cases (CIN2) because of the mediocre reproducibility and histopathologic ambiguity of this diagnosis (i.e., it is a mixture of benign infections and precancers).
We then conducted aggregation tests to evaluate the cumulative effects of multiple genetic variants within an HPV16 lineage in each viral gene region (open reading frame [ORF] ) and the URR region using a custom 'burden' test (Ionita-Laza et al., 2013) . We evaluated if there was an association between all genetic variants, and specifically rare genetic variants, by each viral region in the precancer and cancer (CIN3+) cases compared to the controls using the Fishers Exact test and burden statistical analyses (Ionita-Laza et al., 2013) . The burden tests for rare variants included nucleotide variants that had a rare allele frequency of < 1% (based on prevalence within sublineages A1/A2 in PaP) or < 3% (based on prevalence within other rare sublineages in PaP, SUCCEED, and IARC specimens). Burden tests were used to evaluate all coding region variants (i.e., synonymous and nonsynonymous), and also separately the nonsynonymous rare variants (missense and nonsense, excluding synonymous) since these potentially alter protein function. For the non-coding URR, all rare variants were included in the burden test. Evaluating variation within the specified sublineages enabled us to exclude the lineage defining variants from this analysis and focus on the non-lineage defining variants. We also determined the proportion of rare variants that matched an APOBEC3-induced mutation signature for specific regions of the viral genome by estimating the DNA changes that occurred at one of the eight possible APOBEC3-associated motifs (5 0 [C/T],C > T,N 3 0 ) out of the 96 possible DNA motifs in a 3 base-pair residue defined by the variant in the center as well as neighboring nucleotides in its 5 0 side and 3 0 side (Vartanian et al., 2008) . Statistical analyses were performed with SPSS version 21.0 and R version 3.3.1; all statistical tests were two-sided. Mean sequence divergence was estimated as d = P s i = 1 D i =L, where D i is the mean number of pairwise differences at each of s polymorphic sites over a sequence alignment L nucleotides in length . Aligned sequences were analyzed to determine mean numbers of nonsynonymous and synonymous pairwise differences and sites for each ORF using SNPGenie (https://github.com/chasewnelson/snpgenie), yielding estimates of mean nonsynonymous ðd N Þ and mean synonymous ðd S Þ nucleotide distance. Codons containing indeterminate nucleotides (N's) were excluded from analysis. The hypotheses of neutrality (d N = d S ) and equivalent nucleotide distance ratios in cases and controls (d N /d S-cases = d N /d S-controls ) were evaluated using a Z-test, with the variance of the differences estimated using a bootstrap method (100 replicates) (Nei, 2000) .
DATA AND SOFTWARE AVAILABILITY
Data and software are available as described in the Key Resources Table. e4 Cell 170, 1164-1174.e1-e4, September 7, 2017 Figure S1 . Rare Nonsynonymous Variation within the E7, E1, and L1 Gene Regions for the CIN3 + Cases and Controls with an A1/A2 HPV16, Related to Figure 2 and Table 4 Cases and controls have a significantly different rare variant distribution in E7, E1, and L1. Cumulative rare variant counts (y axis) are shown for the CIN3+ cases in red and controls in blue by viral genome position for the specified gene (x axis). CIN3+, cervical intraepithelial neoplasia grade 3 and cancer.
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